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FOREWORD

This technical report was prepared for the National Aeronautics and
Space Administration, NASA Pasadena Office, Pasadena, California, by TRW
Systems, Redondo Beach, California, under an extension to Contract NAS
7-520. This Final Report covers the period 29 April 1967 through 30 June
1968, The program was conducted as a part of the NASA Advanced Technology
Program under the direction of Robert H. Rollins, II. The Technical Director
was David D. Evans, Jet Propulsion Laboratory, California Institute of
Technology, Pasadena, California. The TRW Systems Project Manager was
Ronald A. Carlson.

This report contains no classified information.

This technical report has been reviewed and approved by the Technical

Director.
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ABSTRACT

Experimental investigations relating the low temperature
high vacuum hydrazine ignition properties of Shell 405 catalyst
with the concentration of adsorbed gas species (02, NZ’ Hz, and
NH;) present on the catalyst surface are reported. The labora-
tory investigations revealed that: a) Shell 405 catalyst retains
strongly chemisorbed oxygen which will not desorb significantly
in high vacuum, even at elevated temperature. b) adsorbed hydro-
gen does not readily desorb in vacuum at temperatures below 600°C.
c) nitrogen adsorption is extremely low, and adsorbed ammonia
tends to decompose above SOOOC,

Three catalyst surface conditions were investigated in high
vacuum ignition tests: a surface containing chemisorbed oxygen,
a "clean" surface, and a surface containing chemisorbed hydrogen.
There is some indication that the presence of oxygen may enhance
the ignition process, but a definite correlation between catalyst
surface condition and ignition delay is not yet possible. A much
larger data sample would be required to isolate the effects of
surface condition. The factor exhibiting the greatest effect on
ignition delay is temperature. Catalyst activity decreases greatly
with temperature, and the flash vaporization and cooling of low
temperature propellant upon injection into vacuum result in de-
creased apparent activity.
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1.0 INTRODUCTION AND SUMMARY

This report describes the experimental investigations conducted by
TRW Systems under an extension of Contract NAS 7-520. The objective of
this contract extension was to correlate the low temperature, high vacuum,
hydrazine ignition properties of the Shell 405 catalyst with the concentra-
tion of adsorbed gas species (02, NZ’ Hz, and NHS) present on the catalyst
surface both prior to an initial firing with the catalyst and after cool-
down in vacuum.

1.1 TLABORATORY EXPERIMENTS

The laboratory effort involved a systematic study of the adsorption
and desorption of hydrazine decomposition products (nitrogen, hydrogen, and
ammonia) and oxygen on the Shell 405 iridium based catalyst. The labora-
tory investigations were aimed at determining what concentrations of oxygen
and hydrogen decomposition products would be present on the surface of the
Shell 405 catalyst prior to initially using the catalyst in a space environ-
ment and after a vacuum firing sequence.

Hydrogen, oxygen, ammonia and nitrogen temperature (adsorption-desorp-
tion) scanning experiments were completed in the range from 0°C to 700°C.

Hydrogen and oxygen adsorption and desorption isotherms were made with
oxygen free catalysts and on catalysts initially covered with chemisorbed
oxygen (as manufactured) in the temperature range from 0°C to 500°C and at
pressures to 300 torr. Nitrogen and ammonia adsorption and desorption iso-
therms were made with oxygen free catalysts in the temperature range from
0°C to 300°C and at pressures to 300 torr,

Differential heats of adsorption were determined for hydrogen with
both oxygen covered and oxygen free catalysts. Differential heats of
adsorption were also determined for ammonia adsorption on the alumina sup-
port.

Oxidation rate measurements (chemisorption rate measurements) of the
iridium surface of the Shell 405 catalyst were made over the temperature
range of -78°C to 300°C and over the pressure range from 1 torr to 100 torr.



Laboratory investigations showed that:

e Shell 405 catalyst retains strongly chemisorbed oxygen
which will not desorb significantly in high vacuum,
even at elevated temperatures.

e Adsorbed hydrogen doesonot readily desorb in vacuum at
temperatures below 600°C.

¢ Nitrogen adsorption is extremely lgw, and adsorbed am-
monia tends to decompose above 300°C.

Hence, the in-space operating conditions which are of interest are:
1) Adsorbed oxygen during initial operation; 2) catalyst free of ad-
sorbed gases when cool down times are sufficient to desorb all hydrogen;
and 3) adsorbed hydrogen retained from the hydrazine decomposition products
during rapid cool down after operation.

1.2 VACUUM IGNITION TESTS

A series of high vacuum ignition tests were conducted simulating the
catalyst surface conditions anticipated for in-space operation of a reactor.
Three surface conditions were tested: A surface containing chemisorbed
oxygen, a ''clean' surface, and a surface containing chemisorbed hydrogen.
These conditions were tested at ambient temperature (70°F) and at 40°F.

The presence of oxygen chemisorbed on the catalyst surface appears to
enhance the first catalytic ignition. Formation of definite conclusions
relating catalyst surface condition to ignition delay, however, is made
difficult due to wide variations in the data. A much more prédominant
factor than surface conditions is temperature, particularly at temperatures
below 70°F. An initial temperature of 40°F resulted in ignition delays in
excess of 100 ms. Also, in a space environment, the local temperature at
the catalyst/propellant interface is depressed due to the flash vaporiza-
tion and cooling of the incoming propellant. This is an important factor
which should be considered in further investigations.



2.0 LABORATORY EXPERTMENTS

The experimental apparatus and techniques are described in the follow-
ing paragraphs:

2.1 APPARATUS

The all glass, constant volume, adsorption system consisted of a mani-
fold and gas sample bulbs, a catalyst sample tube thermally isolated from
the manifold, a gas analysis sampling outlet, a high vacuum pumping system,
sample furnace and temperature measurement and control systems, and a very
precise pressure measuring system. Figure 1 presents a schematic diagram
of the apparatus and Figure 2 shows the actual equipment. The amount of
gas which was adsorbed or desorbed on a sample of the catalyst was deter-
mined by measuring the pressure drop (or pressure rise) in the calibrated
constant volume system as gas adsorbs (or desorbs) on the catalyst.

2.2 EXPERIMENTAL TECHNIQUE

2.2.1 Sample Pretreatment
The initially oxidized Shell 405 catalyst samples (as received)* were

pretreated by simple outgassing for 16 hours at 500°C in a 107> torr vac-
uum. This pretreatment removed the physically adsorbed gases and the
reversibly chemisorbed gases without changing the surface area or the
irreversibly adsorbed oxygen concentration on the iridium surface of the
catalyst. These catalyst samples are referred to as "initially oxidized"
catalysts. Oxygen free iridium catalysts (''clean' catalysts) were prepared
by specially pretreating to remove the oxide without changing the surface
area. These catalyst samples were prepared by outgassing at 500°C for 4
hours, and then exposing the samples to hydrogen at 500°C for 8 hours at
200 torr and then outgassing for 16 hours at 600°C.

2.2.2 Temperature Scanning Technique

Both adsorption and desorption temperature scanning measurements were
conducted. In desorption temperature scanning, a known amount of gas was
initially chemisorbed at 0°C on the pretreated sample. Then the catalyst
sample was slowly heated from 0°C to 600-700°C and the temperature and
pressure were recorded as a function of time. At preselected points, the

*The fact that the "as received' catalyst contained a significant amount
of oxygen irreversibly adsorbed on the iridium surface was discovered
shortly after the start of the program.

-3 -
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Photograph of the Adsorption System

Figure 2.



catalyst was held at constant temperature for about 30 minutes while the
pressure change was recorded as a function of time. The number of atoms
desorbed were calculated from the pressure change data. For the ammonia
studies where decomposition occurred, a known volume of gas was removed
from the system by replacing the Pirani tube with a gas analysis sampling
bulb. These gas samples were submitted for mass spectrographic analysis.

In adsorption temperature scan measurements, a known amount of gas
was initially admitted to the system at 0°C and was allowed to adsorb
when the sample was slowly heated. The pressure and temperature were
recorded as a function of time, as in the desorption temperature scan
measurements. When the pressure decreased to low values, an additional
known volume of gas was admitted. At preselected points the pressure
change with time was measured at constant temperature.

2.2.3 Adsorption and Desorption Isotherm Measurements

A known weight of catalyst was pretreated as described above (Section
2.2.1) and then allowed to come to thermal equilibrium at the isotherm temp-
erature. A quantity of gas was initially bled into the evacuated manifold
from the gas storage bulb. From the known volume of the manifold and the
measured manifold pressure, the number of molecules initially in the gas
phase was calculated. A stopcock connecting the evacuated sample bulb to
the gas manifold was then opened and the gas introduced into the sample
bulb. As the gas species (example, hydrogen) adsorbed on the catalyst
sample, the pressure decreased. When there was no appreciable further
change in pressure®, the system was assumed to be at equilibrium and the
final gas phase pressure recorded. From the known dead space of the mani-
fold and sample tube, the number of molecules of gas remaining in the gas
phase was calculated. The difference between the original and final number
of molecules in the gas phase was the number of molecules adsorbed on the
sample at the isotherm temperature and the final equilibrium pressure.

The amount of gas adsorbed at the final equilibrium pressure thus repre-
sents one point on the adsorption isotherm. The stopcock connecting the

*Tn general, data points were taken in 1.5 hours time increments. At

the higher temperatures, this was sufficient time to very nearly reach
equilibrium values. However, at 0°C in some cases appreciable adsorp-
tion was observed after a 1.5 hour time increment and some data points
were taken at 16 hour and 64 hour time increments.

-6 -



sample tube to the gas manifold was then closed again, fresh gas admitted
to the manifold and the process repeated. A new higher equilibrium pres-
sure was obtained with a corresponding larger quantity of gas adsorbed.
This process was repeated at equilibrium pressures from about 10 microns
up to one atmosphere pressure.

The desorption isotherm was obtained by reversing the above described
process and in each step expanding the gas present in the sample tube into
the previously evacuated gas manifold.

The adsorption-desorption isotherm experiments were conducted with
each of the hydrazine decomposition products (hydrogen, nitrogen and
ammonia) and with oxygen.

2.2.4 Oxygen Chemisorption Rate Measurements

Oxygen chemisorption (oxidation) rates were measured at -78°C, 0°C,

and 300°C at pressures of 1, 10, and 100 torr. The procedure was to take

a known weight of pretreated sample and allow it to thermally equilibrate
at the selected temperature. The gas was then admitted to the sample and
the pressure change was recorded as a function of time. When the pressure
decreased to about 10% below the preselected pressure, an additional amount
of gas was rapidly admitted to the sample and the pressure was again record-
ed as a function of time. This sequente was repeated until the rate of the
pressure change with time was very small. A final value of the pressure was
recorded after 16 hours.

2.3 CALCULATIONS

The experimental data from the temperature scan measurements, adsorp-
tion and desorption measurements, and the rate measurements presented in
the following sections of this report were calculated to 3 significant fig-
ures on an Olivetti desk computer using programs specially written for
these measurements.

3.0 LABORATORY EXPERIMENT RESULTS

3.1 HYDROGEN STUDIES

3.1.1 Temperature Scanning Experiments

Figure 3 shows the results of a hydrogen desorption temperature scan-
ning experiment over the range from 0°C to 700°C using an "initially oxidized"

-7 -
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(""as received catalyst' outgassed at 500°C) catalyst sample. 580 x 1018

hydrogen atoms were preadsorbed at 0°C on the catalyst. Most of the hydro-
gen was removed during the desorption scanning experiment, but a small resi-
dual amount of hydrogen remained adsorbed on the catalyst surface even at
700°C.

3.1.2 Adsorption and Desorption Isotherms

Figure 4 shows replicate hydrogen adsorption isotherms at 0°C for an
"initially oxidized" catalyst. Final points taken after 16 and 64 hours
show that equilibrium is approached rather slowly at this temperature.
Figure 5 shows the 300°C and 500°C hydrogen adsorption and desorption iso-
therms with "initially oxidized" catalysts.

Figure 6 shows the reproducibility of two hydrogen adsorption isotherms
at 300°C obtained with separate samples of the "initially oxidized'" Shell 405
catalyst. Both samples were outgassed at 500°C for 16 hours prior to the
experiments. The two samples were reproducible within about + 10%.

Figure 7 shows the results of hydrogen adsorption and desorption at
500°C and 300°C with samples pretreated with hydrogen at 500°C and out-
gassed at 600°C for 16 hours (''clean' catalysts). At 500°C about 284 x 10
atoms/gram of hydrogen were adsorbed and at 300°C about 348 x 1018

18

atoms/
gram of hydrogen were adsorbed. The number of hydrogen atoms adsorbed by
these samples was much lower than the amount adsorbed on samples not sub-
jected to the hydrogen pretreatments but which were simply outgassed at
500°C for 16 hours ("'oxidized catalysts')¥*.

3.1.3 Calculated Differential Heats of Adsorption

From the adsorption isotherms at 300 and 500°C differential heats of
adsorption were calculated as a function of the surface covered by hydro-
gen from the Clausius-Clapeyron relationship:

(ngp)e - A Hags
RT
where
P = hydrogen pressure
T = temperature °K
A Hads = differential heat of adsorption
0 = fraction of the surface covered with hydrogen

*Presumably, the strongly chemisorbed oxygen present on the iridium surface
of the '"as received" catalysts (oxidized catalysts) provide additional sites
for adsorption of hydrogen. .
-9 -
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HYDROGEN ATOMS x 10718 ADSORBED PER GRAM OF SAMPLE
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Figure 5. Hydrogen Adsorption and Desorption Isotherms at

300°C and 500°C
Catalyst - Shell 405 - "Initially Oxidized"
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HYDROGEN ATOMS X 10”18 ADSORBED PER GRAM OF SAMPLE
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Figure 6. Hydrogen Adsorption Isotherms at 300°C
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Table 1 presents this data for an "initially oxidized" catalyst surface. It
is apparent from Table 1 that within the limits of uncertainty of this cal-

culation (approximately + 4 Kcal) that the differential heat of adsorption

is constant over the hydrogen adsorption range from 500 x 108 atoms per

gram to 850 x 1018 atams per gram.
TABLE 1

CALCULATED VALUES OF DIFFERENTIAL HEATS OF ADSORPTION
FOR HYDROGEN ON SHELL 405 CATALYST

Atoms of
hisorted Differentio Heat
x 10 Kcal/mole Hydrogen
500 17.2 + 4.0
600 16.2 + 4.0
700 17.8 + 4.0
750 17.6 + 4.0
800 20.0 + 4.0
830 19.7 + 4.0
850 18.1 + 4.0

A Hads average = 18.1 + 4.0

Note: Samples were initially outgassed for
16 hours at 500°C

The differential heats of adsorption of hydrogen for the '"clean' cata-
lysts pretreated to remove all oxygen are given in Table 2. The values
show a trend to lower values as the hydrogen surface coverage incCreases.

3.2 OXYGEN STUDIES

The experimental results from the oxygen temperature scan, the adsorp-
tion and desorption isotherms and rate measurements are presented in the
following sections:

3.2.1 Temperature Scan Experiments with Oxygen

The results of the temperature scanning experiments with oxygen are
shown in Figure 8. The adsorption scanning was done over the temperature
range of 0°C to 600°C. The total number of oxygen atoms adsorbed at 600°C

was 1350 x 1018 atoms/gram at a final pressure of 93 torr.

- 14 -
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TABLE 2

CALCULATED VALUES OF THE DIFFERENTIAL HEATS OF ADSORPTION
FOR HYDROGEN ON PRETREATED SHELL 405 CATALYST

Atoms of
23223%:3 Differential Heat
18 of Adsorption
x 10 Kcal/mole Hydrogen

165 22.4 + 2.5
175 21.1 + 2.5
200 19.1 + 2.5
225 15.5 + 2.5
250 15.6 + 2.5

In this scanning experiment, oxygen was admitted into the apparatus
at 0°C until an initial pressure of 53 torr was reached*. Then the sam-
ple was heated slowly and the pressure, temperature, and time were recorded.
In Figure 8, the left hand scale of the graph shows the temperature and the
right hand side shows the number of oxygen atoms/gram adsorbed. From the
figure, it is seen that oxygen was very slowly adsorbed up to 200°C. As
the temperature approached 400°C, the rate of adsorption rapidly increased
until at 600°C all of the initial 55 torr of oxygen was adsorbed. At this
point, more oxygen was admitted into the system and the pressure change
was monitored for two hours. The number of oxygen atoms adsorbed was 1080
X 1018
pressure of 95 torr of oxygen for 64 hours, to give a final adsorption of
1350 x 108
the adsorption (or oxidation) increases with increasing temperature in an

atoms of oxygen/gram. The sample was then kept at 600°C and at a
atoms of oxygen per gram of catalyst. In the case of oxygen,
irreversible manner over the temperature range from 0-600°C. The final

adsorption value of 1350 x 1018
lyst corresponds to an iridium oxygen compound of stoichiometry IrO1 3

atoms of oxygen adsorbed per gram of cata-

3.2.2 Oxygen Adsorption and Desorption Isotherms

In Figure 9 are shown the results of oxygen adsorption and desorption
isotherms at 500°C for ''clean' samples and ''initially oxidized" (''as received')
samples. Mass spectrographic analysis of the gas desorbed after a hydrogen
adsorption experiment on a catalyst pretreated by a simple outgassing at 500°C
for 16 hours showed that oxygen was originally present on the surface of

*Sample initially outgassed for 16 hours at 500°C (''oxidized catalyst').
No appreciable adsorption took place at 0°C.
- 16 -
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the "as received'' catalyst and was not removed by the simple outgassing pro-
cedure*. The pretreatment of initial outgassing followed by exposure to
hydrogen at 500°C and then outgassing at 600°C for 16 hours did, however,

produce clean catalyst surfaces free from oxygen.

As seen from Figure 9, the amount of oxygen adsorbed at 500°C for the
""clean' catalysts is about 1500 x 1018 atoms/gram. The two experiments with
"clean" catalysts showed very good reproducibility. The data points were
taken after 1.5 hours except for the initial points in which the time
varied, depending upon how fast the pressure dropped to essentially zero.
The amount of oxygen adsorbed by the ''clean'' catalyst was about 600 x 1018
atoms/gram more than the "initially oxidized" sample which received only

the simple outgassing pretreatment.

Figure 10 shows the results of adsorption and desorption of 0, at 0°C,
300°C and 500°C on ''clean" samples. From Figure 10, it is seen that the
18 950 x 10%8, and 200 x 10
at 500, 300 and 0°C, respectively. Furthermore, it is seen that no desorp-

amount of oxygen adsorbed was about 1500 x 10 18

tion occurred, showing the irreversibility of the Oz’adsorption. All data
points were taken after 1.5 hour time intervals.

3.2.3 Oxygen Chemisorption Rate Measurements

The rate of chemisorption of oxygen on ''clean" catalyst surfaces were in-
vestigated at pressures of approximately 1 torr, 10 torr, and 100 torr and
at temperatures of -78°C, 0°C, 100°C, and 300°C. Figure 11 shows a plot of
the number of atoms of oxygen chemisorbed as a function of time and also
shows the pressure change with time. When the pressure change dropped to
a low value (~10% below the initial pressure), more gas was added to the
system and the pressure and time measurements were continued. The chemi-
sorption rate (r) expressed as a number of atoms of oxygen adsorbed per
gram of sample per minute was obtained by graphical differentiation of the
type of data shown in Figure 11.

*The mass spectroscopic analysis of the desorption products from the
hydrogen adsorption experiment showed about 27% water in addition to
hydrogen. Thus, the chemisorbed hydrogen reacted with the previously
adsorbed oxygen to form water.

- 18 -
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At -78°C, 1 torr

- 20 -

70



Figures 12 and 13 show the number of atoms of oxygen adsorbed as a
function of time at average pressures of 1 torr, 10 torr and 100 torr and
at temperatures of -78, 0, 100 and 300°C.

Figure 14 shows a plot of the logarithm of the adsorption rate vs. the
logarithm of the number of atoms of oxygen adsorbed for an experiment at
100°C and 100 torr oxygen pressure, where the rate of chemisorption decreased
rapidly with the surface coverage.

3.3 AMMONIA STUDIES

The results of the ammonia temperature scanning experiments and the
adsorption and desorption isotherms are presented in the following para-
graphs:

3.3.1 Ammonia Temperature Scans

In the temperature scanning experiments with ammonia, gas samples were
removed at 200, 300, 400 and 600°C for mass spectrographic analysis to deter-
mine if the iridium catalyst would initiate decomposition of ammonia at these
temperatures. An ammonia desorption temperature scan on the ''clean' Shell 405
catalyst is shown in Figure 15 (ammonia gas was preadsorbed at 0°C prior to
the scanning experiment). The amount of ammonia preadsorbed on the surface
was about 500 x 1018 molecules/gram. As seen in Figure 15, the pressure
increased with increasing temperature indicating desorption. When the temp-
erature reached 400°C, it was held there for about 30 minutes, and then a
gas sample was taken for analysis. This mass spectroscopic analysis showed
that the desorbed gas sample contained only about 15% ammonia, the rest
being hydrogen and nitrogen. As the temperature approached 600°C the pres-
sure continued to rise and, at the end of the 30 minute period at 600°C, a
second gas sample was taken which showed that only 1% of the gas phase was
ammonia, the balance being hydrogen and nitrogen. Figure 16 shows the
results of a second ammonia temperature scanning experiment performed in
the same manner as the previously described temperature scanning experiment.
In this experiment, a gas sample was taken for analysis after the catalyst
épecimen was at 150°C for 30 minutes. The analysis showed that the gas
phase contained about 96.8% ammonia, the balance being nitrogen and hydro-
gen. The temperature was raised to 300°C and held for approximately 30

- 21 -
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r = RATE OF OXYGEN ATOMS X 10—]8 ADSORBED PER GRAM OF SAMPLE PER MINUTE
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Figure 14. Rate of Oxygen Adsorbed Versus Number of
Surface Atoms Adsorbed
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minutes, and then a second gas sample was taken. This sample showed 87.6%
ammonia. The temperature was raised until 400°C was reached and after 30
minutes at this temperature the mass spectrographic analysis of the gas
sample taken at this point showed only 14.5% ammonia in the gas phase.

The system approached 600°C and remained there for 30 minutes. A fourth
gas sample was then taken and its analysis indicated that only 0.6% of
ammonia was present in the gas phase at this temperature. |

The above procedure was also adopted for a temperature scan with the
uncoated Reynolds aluminum oxide support system to determine whether the
support itself was catalyticaily active with respect to ammonia adsorption
and decomposition. The temperature scan experiment is shown in Fiéﬁre 17.
It is apparent from Figure 17 that significant adsorption of ammonia took
place on the alumina support and at the higher temperatures the support
was capable of initiating ammonia decomposition.

3.3.2 Ammonia Adsorption and Desorption Isotherms

Figure 18 shows the data for adsorption and desorption of ammonia on a
"clean" Shell 405 catalyst at 0, 100, and 200°C*. At 0°C about 875 x 1018
molecules of ammonia were adsorbed per gram of catalyst while at 200°C only
350 x 1018 molecules per gram of sample were adsorbed. In Figuré 19 repli-
cate adsorption and desorption isotherms at 0°C are shown. It is seen that
very good reproducibility was obtained during these experiments.

The adsorption and desorption isotherms on uncoated Reynolds RA-1 alu-
mina support at 0, 100, and 200°C are shown in Figure 20. A comparison of
Figures 18 and 20 shows that more ammonia adsorbed on the uncoated Reynolds
alumina support material than on the Shell 405 catalyst itself.

3.3.3 The Differential Heats of Adsorption

The differential heats of adsorption for ammonia on the Reynolds alu-
mina support are shown in Table 3. The average value at these surface
coverages is 9.1 + 1.5 kcal/mole.

3.4 NITROGEN STUDIES

The nitrogen adsorption and desorption isotherms at 0, 100 and 300°C

with "clean'' catalysts are shown in Figure 21. The amount of adsorption at
*In this temperature region very little ammonia decomposition took place.
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0°C is very small in comparison to the previously studied adsorption of
hydrogen and oxygen. The amount adsorbed at 100°C corresponds to 0.5 torr
pressure change; while at 300°C the system shows essentially no adsorption.

TABLE 3

CALCULATED VALUES OF THE DIFFERENTIAL HEATS OF ADSORPTION FOR
AMMONIA ON THE ALUMINA SUPPORT OF SHELL 405 CATALYST

Molecules of

Ammonia Differential Heats

Adsorbed of Jdsorpticn
x 10 of Ammonia .
250 9.3 + 1.5
300 8.9 + 1.5
350 9.1 + 1.5
400 9.3 + 1.5

450 8.7 + 1.5

Average 9.1 + 1.5

4,0 DISCUSSION OF LABORATORY EXPERIMENT RESULTS

The hydrogen adsorption data indicate that the oxygen irreversibly
adsorbed on the ''as received' iridium catalyst surface provides additional
sites for hydrogen adsorption. This is shown in Figures 22 and 23 which
compare the adsorption of hydrogen on "initially oxidized" catalysts and
"clean" catalysts at 300°C and 500°C. This increased hydrogen adsorption
on the oxidized surfaces is probably due to formation of bonded water.

The hydrogen bonded to the ''clean' catalyst surface appears to obey a
Langmuir type of adsorption isotherm and the heat of adsorption (measure
of the strength of the adsorption bond) is higher at low surface coverages
(22.4 kcal) and decreases as the catalyst surface becomes covered with
hydrogen (14.6 kcal). This is also seen in the temperature scan experi-
ments, Figure 3, where the last traces of hydrogen (low surface coverage)
are not removed even at high temperatures and low pressures.

The oxygen adsorption results for 'clean'' catalysts and "initially
oxidized" catalysts, Figures 9 and 10, show that the initial oxide coverage
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formed during the manufacturing process corresponds to an iridium compound
stoichiometry of IroO.S to IrOO.G‘ Furthermore, the oxygen adsorption is an
irreversible process®*, requiring elevated temperature reaction with hydro-
gen to remove oxygen from the surface (by formation of water).

The number of oxygen atoms adsorbed as a function of time, Figures 12
and 13, show that at low temperatures, -78°C and 0°C, the rate of adsorp-
tion is strongly dependent on both the pressure and the temperature. It
is also seen that at 0°C and an oxygen pressure of 1 torr an iridium oxide
with an overall stoichiometry of IrQ, ;; forms within a minute. At 300°C
and 10 torr partial pressure of oxygen, an iridium oxide with an overall
stoichiometry of IrOO'4 will form in 1 minute. This shows that trace
amounts of oxygen will rapidly react with a ''clean'' catalyst to form an
oxidized surface.

The ammonia temperature scanning experiments with both the Shell 405
"clean' catalyst and the Reynolds alumina base support indicate that the
iridium atoms decompose ammonia more rapidly than the base support in temp-
erature regions above 300°C. This difference is shown in Figure 24 where
the amount of ammonia present in the gas phase for both the ''clean' cata-
lyst and the alumina support is shown as a function of temperature*#,

A comparison of the ammonia adsorption isotherms on the iridium cata-
lyst and an uncoated alumina support shows that the amount of ammonia ad-
sorbed on the support was greater than the amount adsorbed on the catalyst
sample indicating that the iridium metal surface probably adsorbed much
less than the alumina, This difference is clearly shown in Figures 25, 26,
and 27 which compare the ammonia isotherms on the Shell 405 catalyst and
the pure aluminum oxide support at 0°C, 100°C, and 200°C, respectively.

It is seen that at 0°C, the amount of ammonia which was adsorbed on the
blank was almost 100% greater than that which was adsorbed on the catalyst.
This difference decreases somewhat so that at 100°C the amount of ammonia
adsorbed on the blank is only about 60% more than that adsorbed on the
catalyst and, at 200°C, the amount adsorbed on the blank corresponds to
about 55% more than that adsorbed on the catalyst sample.

*Dxygen can't be removed from the surface by evacuating the catalyst at
temperatures up to 700°C.
**Exposure time for each data point approximately 30 minutes.
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The difference in affinity of the clean catalyst surface for hydrogen,
nitrogen, oxygen, and ammonia are shown in Figures 28, 29, and 30 which are
plots of the relative amount of gases adsorbed on the catalyst at different
pressures and temperatures. The most strongly adsorbed gas species, oxygen
at 500°C, 200 torr, was used as the normalizing base.

The chemical affinity of the catalyst for oxygen showed an inverse temp-
erature dependency in the region from 0°C to 500°C. At higher temperatures
(300-500°C) the catalyst adsorbs more oxygen than at the low temperatures.
The only other gas specie showing an appreciable tendency to adsorb on the
catalyst surface at the higher temperatures is hydrogen; it has about 20%
of the affinity of oxygen at 500°C, and about 50% at 300°C. Nitrogen does
not adsorb measurably at 300°C and above. Ammonia decomposes to nitrogen
and hydrogen above 300°C. At lower temperatures, ammonia has a greater
affinity for the catalyst than oxygen, however, this affinity is mainly
due to the support. The catalyst support (Reynolds RA-1 alumina) adsorbs
no measurable quantities of oxygen, hydrogen, or nitrogen over the tempera-
ture range of 0-600°C.

5.0 SUMMARY OF LABORATORY RESULTS

Based on the laboratory investigations conducted under this project, the
following conclusions are presented relative to the surface chemistry of the
Shell 405 catalyst prior to and subsequent to space operation in a hydrazine

thruster or gas generator configuration:

® If the Shell 405 catalyst is exposed to a ground accep-
tance test firing and subsequent exposure to ambient
air prior to space operation, then significant concen-
trations of very strongly chemisorbed oxygen will be
present on the iridium metal surface of the catalyst
at the time of the first hydrazine ignition in space.
Although this chemisorbed oxygen will not desorb sig-
nificantly in a high vacuum even at elevated tempera-
tures (at least up to 600°C), the oxygen is readily
removed by decomposing hydrazine (water formation).
Indeed, it is possible that the chemisorbed oxygen will
significantly contribute to the first hydrazine igni-
tion (in the space enviromment) since the chemisorbed
oxygen provides, in effect, a solid oxidizer for the
hydrazine.
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Depending on the cooldown procedure used in the ground
acceptance test firing of a thruster-catalyst system

the final concentration of oxygen present on the iridium
surface (prior to space operation) can vary over a con-
siderable range. If the catalyst is not exposed to even
low partial pressures of oxygen during cooldown from the
ground qualification test firing then the final oxygen to
iridium atom ratio of the catalyst after exposure to am-
bient air will be approximately 0.3. If, on the other
hand, for example, the catalyst is exposed to air at a
temperature of the order of 500°C then the oxygen to iri-
dium atom ratio could be as high as 1.4. Even at low
partial pressures (~ 1 torr), oxygen will chemisorb rapidly
on the iridium surface of the catalyst at elevated temp-
eratures.

Depending on how fast the catalyst is cooled down after
a ground acceptance hydrazine test firing there may or
may not be measurable quantities of residual hydrogen
chemisorbed on the surface of the catalyst. If, during
the cooldown procedure, the catalyst is cooled to temp-
eratures below 600°C in a period of seconds, then it is
expected that some residual hydrogen would remain ad-
sorbed on the iridium surface of the catalyst. However,
if the catalyst remains at temperatures above 600°C for
time periods in excess of a few minutes, it is expected
that the great majority of the residual adsorbed hydrogen
would be desorbed from the surface.

A few seconds of thruster firing in space should be suf-
ficient to effectively remove all chemisorbed oxygen
from the iridium surface of the Shell 405 catalyst.
Hence, after the first in space ignition, the Shell 405
catalyst will be effectively free of chemisorbed oxygen.

The only gas specie likely to remain chemisorbed on the
Shell 405 catalyst after cooldown from operation in space
is hydrogen. As discussed above, the amount of hydrogen
which remains chemisorbed on the catalyst after cooldown
will depend strongly on how fast the catalyst bed temp-
erature drops from the operational temperature (+1000°C)
to below 600°C.
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6.0 HIGH VACUUM IGNITION TESTS

The results of the laboratory experiments were used to derive a test
plan for high vacuum ignition tests, with the objective of correlating high
vacuum ignition characteristics with the surface condition of the catalyst.
Three surface conditions were selected for investigation: a surface con-
taining chemisorbed oxygen, a ''clean' surface, and a surface containing
chemisorbed hydrogen. A fourth test sequence was to be decided upon based
on the results of the above tests and conducted at a temperature of 40°F,

The condition of oxygen chemisorbed on the catalyst surface simulates
the first in-space firing of a hydrazine reactor which had previously been
subjected to an acceptance test. This condition is obtained by purging
clean, dry air through the reactor at ambient temperature, then attaining
and maintaining high vacuum for a period of 12 hours before firing the re-
actor. Any nitrogen adsorbed during the air purge readily desorbs in vacuum,
leaving only oxygen on the surface.

The next test series simulates the ignition of a reactor following an
extended firing and cooldown in space. Any 02 chemisorbed on the catalyst
surface is consumed during operation of the reactor, leaving only hydrazine
decomposition products. Since ammonia rapidly dissociates on the catalyst
above SOOOC, and nitrogen readily desorbs, hydrogen is the only gas specie
which may be expected to remain on the catalyst surface. Providing the
cooldown rate is relatively low (as is commonly anticipated), and the re-
actor firing duration was sufficient to attain full operating temperature,
neérly all of the hydrogen will be desorbed. Attainment of this condition
involves outgassing the catalyst at 500°C in high vacuum, purging hydrogen
through the catalyst bed (maintaining SOOOC) to remove any chemisorbed
oxygen, then outgassing the hydrogen at 600°C in vacuum. The laboratory
experiments have shown that this procedure will result in a '"'clean" surface,
free of any chemisorbed gas specie.

The next test series evaluates the effect of hydrogen chemisorbed on
the catalyst surface. A procedure as described above is utilized to obtain
a "'clean' catalyst surface. Hydrogen is then purged through the bed for
one hour while maintaining a temperature of SOOOC, and the purge is util-
ized to accelerate the cooling of the reactor to ambient temperature.
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Two end conditions are evaluated by the above sequences; a high con-
centration of H2 on the catalyst surface and a very clean surface. The
actual conditions encountered in in-space operation will most likely fall
between the two conditions, depending upon the specific application.

6.1 TEST INSTALLATION

Existing 1 1bf engine hardware was modified to provide the temperature
conditioning circuits as shown in Figure 31. Gaseous N, is passed over a
heating coil and through the annular passage around the reactor chamber.

A wide range of catalyst bed temperature may thus be obtained by varying
the power input to the heater element and the flow rate of GN, through the
circuit. This system was also used to accelerate cooling of the reactor
and to attain the 40°F condition. Water coolant passages are provided to
protect the propellant valve and chamber pressure transducer during the
catalyst conditioning periods involving elevated temperature.

A schematic of the test system is also shown in"Figure 31. A three
way solenoid valve (SV-1) is utilized to isolate the propellant from the
fire valve and to provide for purging of the catalyst bed as required.
Another three way solenoid valve (SV-2) provides for connection to an as-
pirator or to the high vacuum system to eliminate residual propellant in
the system prior to purging with air or HZ' Problems related to leakage
through the fire valve are thus minimized by providing vacuum on both sides
of the fire valve until seconds before the firing.

It is important to note that this thruster utilizes direct injection
of the hydrazine into the catalyst bed.. A single feed tube supplies eight
.006 inch diameter orifices centrally located against the top of the cata-
lyst. This design was selected on the basis of previous experience at TRW
which showed it to be the most sensitive to changes in catalyst activity.
Injection techniques used in current flight systems are designed to mini-
mize the effects of changes in catalyst activity and to minimize the cham-
ber pressure overshoot resulting from long ignition delays.

The test system is installed within a vacuum system capable of attain-
ing 10-6 torr. The bell jar volume is such that a three second steady state
firing at the 1 1b
0.3 psia.

£ thrust level results in a capsule pressure increase to
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6.2 TEST SEQUENCE

The test sequence is detailed in Table 4 with the ignition delay data
and catalyst history. The firing sequence for each test involved the pro-
pellant isolation valve (SV-1) as well as the fire valve. A pretest con-
dition of high vacuum on both sides of the fire valve was maintained to
eliminate any leakage through the fire valve. The fire valve was then
opened at nominally 3 seconds after opening the isolation valve. Three
seconds allows the injection pressure to stabilize after filling the volume
between the two valves.

Ignition delay data is given as the times from initiation of propel-
lant flow to a rise in chamber pressure and to a chamber pressure of 5 psia.
The term "'ignition delay' is used to represent the time from valve open
(or initiation of propellant flow) to a rise in chamber pressure. In cer-
tain cases, however, the chamber pressure increase is quite gradual for a
period of up to 20 ms. For these cases, the time to 5 psia is a more defin-
itive parameter. Figure 32 shows the oscillograph data for Test 004 appro- .
priately labeled to define the parameters and demonstrate the data evaluation.

|

)
I TIME i [t~ 10 M5

INJECTION PRESSURE\

VALVE OPEN\ v\\ \ ~
4

AIYIN T

VALVE CURREN r/

200 PSIA

5 PSIA
11N
C RISE\

/
L/ /

0 PSIA

Figure 32. Data Evaluation

-49-~



Table 4. Test Sequence and Results

Test Time to Time to Cum. Run Test Sequence
Number P _ Rise* 5 psia* Time (Secs.)
€ Pre Test
001 Sea level checkout tests
§
002

Facility checkout-vacuum to 7 x 107° torr
attained and catalyst heated to 10809F,

Vacuum broken to 1/2 atm. and air purged**
through the reactor for 2 hours.

Vacuum of 7 x 10> torr maintained for 13
hours.

Vacuum broken for 1/2 hour (due to facil-
ity difficulties)
Vacuum of 7 x 10°° to 1 x 10™° torr main-
tained for 11 hours.

003 16 ms 21 ms 6.50 Catalyst temperature 75°F

Vacuum broken to 300 # and air purged through
the reactor for 2 hours.

Vacuum of 1 x 10°% to 1 x 10™° torr main-
tained for 14 hours.

004 32 ms 45 ms 11.35 Catalyst temperature 72°F
Vacuum broken to 3 psia and air purged
through the reactor for 2 1/2 hours.

Vacuum of 1 x 1074 to 1 x 10°5 torr main-
tained for 13 hours.

005 76 ms 92 ms 15.79 Catalyst temperature verified to be 70 +
SOF. Exact temperature not recorded.

Vacuum of 1 x 1074 torg (minimm) attained,
catalyst heated to 500°C and held for 2
hours.

Maintaining 500°C, vacuum broken to ~ 1/2
atm. with argon and ambient temperature
H2 purged through the reactor for 4 hours.

Vacuum of 1 x 10 torr attained, catalyst
heated to 600°C and held for 4 hours.

006 54 ms 69 ms 20,09 Catalyst temperature 72°F
, Sequence between 005 and 006 repeated.
007 20 ms 32 ms 23.94 Catalyst temperature 69°F.
008 Sea level checkout of new engine.
Sequence between 005 and 006 repeated.
009 5 ms 9 ms 4.00 Catalyst temperature 68°F.

Vacuum of 1 x 10°4 torr (minimum) attained,
catalyst heated to 500°C and held for
2 hours.

:Ime taken from initiation of propellant flow.
A nominal flow rate of 80 scc/min was used for both air and H, purges.
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Test
Number

010

011

012

013

014

015

016

Table 4. Test Sequence and Results (Cont.)

Time to Time to
P Rise* S psia*
29 ms 44 ms
17 ms 18 ms

9 ms 14 ms
30 ms B ms
113 ms 117 ms
61 ms 63 ms
176 ms 198 ms

Cum. Run
Time (Secs.)
Pre Test

Test Sequence

- .+ Maintaining 500°C, vacuum broken to~

8,28

11.45

15.28

19.09

23.60
. 28.02

32.69
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1/2 atm. with argon and ambient tempera-
ture H, purged through the reactor for
4 hourg.

Vacuum of 1 x 10°% torr attained, catalyst
heated to 600°C and held for 4 hours.

Cooled in vacam to 300°C.

Maintaining 300°C, vacuum broken to~1/2
atm. with argon and ambient temperature
H, purged through the reactor for 1 hour.

H, purge maintained while cooling to am-
b%ent temperature.
4

Purge stopped and vacuum of 1 x 10~ torr
attained.

Catalyst temperature 72°F,
Sequence between 009 and 010 repeated.
Catalyst temperature 67°F.
Sequence between 009 and 010 repeated.

Test delayed following opening of the
position valve (SV-1). Increase in cata-
lyst temperature to 105°F (peak) noted.

Hydrazine behind fire valve evacuated and
vacuum re-attained.

Catalyst temperature 89°F

Vacuum broken to ~1/2 atm. and air pur-
ged through the reactor for 2 hours.

Vacuum of 1 x 104 torr maintained for
12 hours.

Vacuum lost to 25 ¢ due to a N2 leak in
the system.

Catalyst temperature 36°F.
Test at vacuum of 25 M.

Vacuum chamber opened and N, leak repaired.

Air purged through the reactor for 2
hours.

4

Vacum of 1 x 107" torr maintained for

12 hours.

Catalyst temperature 39°F,

Sequence between 005 and 006 repeated.
Catalyst temperature 50°F.

Sequence between 009 and 010 repeated.
Catalyst temperature 40°F.



Tests 001 and 002 were sea level tests to functionally check the test
system prior to attaining vacuum. A catalyst conditioning facility check
followed in which a vacuum to better than 10™% torr was maintained while
raising the reactor temperature to 1080°F and cooling back to ambient.
Vacuum was then broken to approximately 1/2 atmosphere and ambient air pur-
ged through the reactor for 2 hours at a nominal rate of 80 scc/min. Test
003 followed an 11 hour soak at absolute pressures ranging from 7 x 107°
to1x107°
air purge, vacuum soak, and engine firing was also followed for tests 004

torr. The ignition delay on this test was 16 ms. A sequence of

and 005 resulting in ignition delays of 32 ms and 76 ms respectively.

The inconsistent ignition delays on tests 003, 004, and 005are attri-
buted to the presence of small quantities of hydrazine during the last two
air purges. Prior to the air purge preceding test 003, a vacuum to 10-4
torr was attained on the purge system to remove any hydraziﬁe present. Fol-
lowing this test, a water aspirator was connected to the purge system to re
remove residual hydrazine from the system. The same procedure was followed
prior to test 005. A pretest condition of high vacuum on both sides of the
fire valve could not be obtained on test 005, however, due to leakage through
the propellant isolation valve (SV-1). During the latter air purge, a 7 to
10 psi pressure differential existed across this vllve and some hydrazine
apparently leaked into the purge system. Qualitatively, if follows that
the quantity of 02 chemisorbed on the catalyst surface was decreased due to
small quantities of hydrazine present in the air purge, resulting in in-

creased ignition delay.

Tests 006 and 007 involved a ''clean' catalyst surface. The catalyst
was first outgassed at 500°C, then purged with hydrogen to remove any oxy-
gen, and finally outgassed at 600°C to obtain a catalyst surface free of
any chemisorbed gases. The ignition delays on these tests were 54 and 20
ms respectively. The testing was interupted at this point due to plugging
of the injector. A second reactor was then prepared and test 008 was a
sea level checkout test. The sequence of outgassing, H, purge, and out-
gassing was again followed to obtain a clean catalyst surface for test 009.
The ignition delay on this test was 5 ms.
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The sequence of outgassing, H2 purge, and outgassing to obtain a clean
surface was again followed. After cooling to 300°C, however, hydrogen was
purged through the reactor for one hour. The hydrogen purge was maintained
while cooling to ambient temperature, and vacuum was then attained. A
quantity of H, was thus chemisorbed on the catalyst surface which might
simulate a condition following a very short firing duration in a reactor.
Tests 010, 011, and 012 were conducted with this surface condition resulting
in ignition delays of 29, 17, and 9 ms respectively.

Each of the above catalyst surface conditions were then tested at de-
pressed catalyst bed and propellant temperatures. Test 013 followed air
exposure of the catalyst and 12 hours vacuum storage. A leak in the pro-
pellant pressurization system allowed nitrogen to enter the vacuum system,
however, resulting in a capsule pressure of 25 microns at the time of the
test. The ignition delay on this test was 30 ms.

The air exposure and vacuum storage sequence was again followed, and
test 014 conducted at high vacuum and at 40°F. An ignition delay of 113 ms
resulted.

The sequence resulting in a clean catalyst surface was then followed
for test 015. An error in instrumentation was made, resulting in conduction
of .this test with a catalyst bed temperature of 50°F and a fuel temperature
of 55°F. In this case the ignition delay was 61 ms.

The final test in the sequence was conducted with a catalyst surface
containing chemisorbed hydrogen and at 40°F. The ignition delay was 176 ms.

6.3 DISCUSSION OF TEST RESULTS

The test results are summarized in Table 5. A definite correlation
between catalyst surface condition and ignition delay is not readily ap-
parent, due to the scatter in the data and the small quantity of data points.
Oxygen chemisorbed on the catalyst does appear to decrease the ignition
delay. Temperature, however, has a much greater effect than catalyst surface
condition. The work done previously on this contract,* involving low tempera-
ture catalyst bed ignition, demonstrated a discontinuous relationship be-
tween sea level ignition delay and temperature in the range of 0 to 70°F.

* -
Space Environment Operation of Experimental Hydrazine Reactors

Final Report, Report No. 4712.4.67-28, Contract No. NAS7-520,
April 1967.
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Table 5. Test Results

Catalyst Surface Catalyst Bed Ignition
Condition Temperature °r) Delay (ms)
Air Exposed 75 16
72 32
70 + 5 76
36 30
39 113
""Clean" 72 54
69 20
68 5
50 61
Hydrogen Exposed 72 29
67 17
89 9
40 176

Temperature effects become more pronounced when considering vacuum ignition,
due to the flash vaporization effects on temperature. Vacuum ignition tests
at TRW with less active catalyst have, in some cases, led to the freezing of
hydrazine in the catalyst bed. Further definition of these effects is be-
yond the scope of this program. A factor which must be considered, however,
is that the local temperature at the point of catalyst/propellant contact
may be much lower than that which existed prior to propellant injection.

The data from the previous low temperature work is included as Figures
33 and 34, with the data from the vacuum ignition tests added. One can con-
clude that an effect of the vacuum is to shift the ignition delay versus
temperature relationship towards a lower temperature. The data from the
vacuum ignition tests thus fall within the range in which ignition delay is
extremely sensitive to temperature. Definition of the relationship within
this range will require a detailed analytical investigation coupled with
additional carefully controlled and instrumented ignition tests.
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7.0 CONCLUSIONS

The laboratory experiments reveal that one of three catalyst surface
conditions will exist for in-space operation of a monopropellant hydrazine
reactor using Shell 405 catalyst. Oxygen or hydrogen may be chemisorbed
on the catalyst surface, or the surface may be free from any adsorbed gas
specie.

Oxygen chemisorbs readily on the catalyst surface, even at very low
partial pressures (~ 1 torr). The quantity of oxygen chemisorbed on the
surface is primarily dependent upon the temperature at the time of contact,
and this oxygen will not desorb even in a vacuum of 10'6 torr. Any ex-
posure of the catalyst to air will thus result in the presence of oxygen
on the catalyst surface for the first in-space firing of the reactor. The
oxygen is then consumed during reactor operation (forming water).

Providing that the catalyst cools relatively slowly from its operating
temperature (1000°C) to below 600°C while in a vacimm environment, a catalyst
surface free of any chemisorbed gas specie will result. If the cooling
takes place in a matter of seconds, however, some hydrogen may remain chem-
isorbed on the surface.. Hydrogen is thus the only gas specie which is
likely to remain on the catalyst surface following operation in space. The
quantity of hydrogen remaining on the surface is dependent upon the time
during which the catalyst is exposed to vacuum while at a temperature of
600°C or greater.

The three catalyst surface conditions discussed above were simulated
in a series of high vacuum ignition tests. There is some indication that
the presence of oxygen may enhance the ignition process, but a definite
correlation between catalyst surface condition and ignition delay is not
yet possible. A much larger data sample would be required to define the
effects of surface condition.

The factor exhibiting the largest effect on ignition delay is tempera-
ture. As was demonstrated with sea level tests previously reported under
this contract®*, catalyst activity decreases greatly as the temperature

*Space Environment Operation of Experimental Hydrazine Reactors
Final Report, Report No. 4712.4.67-28, Contract No. NAS7-520,
April 1967.
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decreases. This is complicated further under vacuum conditions due to the
flash vaporization and cooling of the propellant upon injection. Any further
studies into the ignition characteristics of a hydrazine reactor should in-
clude a detailed analytical investigation into the thermodynamics of the

injected propellant, as well as the heat and mass transfer related to the
catalyst bed.
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MANNED SPACECRAFT CENTER

HOUSTON, TEXAS 77001

JOHN F. KENNEDY SPACE CENTER, NASA
COCOA BEACH, FLORIDA 32931

X)

HAROLD HORNBY

MERLAND L. MOSESON
CODE 620

X)

HENRY BURLAGE, JR.
PROPULSION DIV.

DR. FLOYD L. THOMPSON
DIRECTOR

(X)

DR. ABE SILVERSTEIN
DIRECTOR

HANS G. PAUL

CODE R-P+VED

WERNER VOSS

R-P AND VE-PM

DR. ROBERT R. GILRUTH
DIRECTOR \
G. THIBODAUX

DR. KURT H. DEBUS



NASA TEST FACILITY
PROPULSION ENGINEERING OFFICh

IeDe SMITH
STAFF CHEMIST

WHITE SANDSs NEW McXICO

GOVERNMENT INSTALLATIONS

AERKONAUT T CAL DYST&M& LIVISTON
AIR FORCE SYSTEMS COMMAND

Dele SCHMIDT
CODE ASRCNC-2

WRIGHT-PATTCRSON AIR FORCE BASE

DAYTONs OHIO 454353

AIR FORCE MISSILE DEVELOPMENT CENTER
HOLLOMAN AIR FORCE BASE

MAJe ReEe BRACKEN
CODEZ MDGRT

NEW MEXICO 88330

AIR FORCE MISSILE TEST CENTER
PATRICK AIR FORCZ BASEs FLORIDA

Ledo ULLIAN

AIR FORCE SYSTEMS DIVISION

CCLe CLARK

AIR FORCE UNIT POST OFFICE
LOS ANGELES 459 CALIFORNIA 90045

TECHNICAL DATA
CENTER

AFFTC (FTBPP=-2)

MYRTLE Ceo JONES

EDWARDS AFB > CALIFORNIA 93523

ARNOLD ENGINEERING DEVELOPMENT CENTER
ARNOLD AIR FORCE STATION

DRe HeKe DOETSCH

TULLAHOMAs TENNESSEE 37388

st

BUREAU OF NAVAL WcZAPUNS
DEPARTMENT OF THE NAVY

Je KAY
RTMS=41

WASHINGTON » De Ce 20546

DEFENSE DOCUMENTATION CENTER HEADQUARTERS

CAMERON STATIONs BUILDING 5

5010 DUKE STREET
ALEXANDRIAy VIRGINIA 22314

ATTN=- TISIA

MEADQUARTERSs UeSe AIR FORCE
WASHINGTON 255 DeCe 20546

COLeCeKe STAMBAUGH
AFRST

PICATINNY ARSENAL

I« FORSTENy CHIEF

DOVERs NEW JERSEY 07801

LIGUID PROPULSION
LABORATORY s

SMUPA-DL



AIR FORCE ROCKET PROPULSION LABORATORY RPRR/MRe He MAIN
RESEARCH AND TECHNOLOGY DIVISION

AIR FORCE SYSTEMS COMMAND
EDWARDSs CALIFORNIA 93523

UeSe ATOMIC ENERGY COMMISSION Ae P+ HUBER
TECHNICAL INFORMATION SERVICES CAK RIDGE

BOX 62 , GASEOUS DIFFUSION
OAK RIDGEs TENNESSEZ 37830 PLANT

(ORGDP) Pe0OeB0OX P

UeSe ARMY MISSILE COMMAND CRe WALTER WHARTON
REDSTONE ARSENAL »
ALABAMA 35809

UeSe NAVAL ORDNANCE TEST STATION CODE 4562

CHINA LAKE CHIEFs MISSILE

CALIFORNIA 93557 . PROPULSION DIVe
CPIA

CHEMICAL PROPULSION INFORMATION AGENCY Pe MARTIN
APPLIED PHYSICS LABORATORY .

8621 GEORGIA AVENUE
SILVER SPRINGs MARYLAND 20910

INDUSTRY CONTRALTORS

AEROJET-GENERAL CORPORATION Le Fe KOHRS
Pe Os BOX 296 '
AZUSAs CALIFORNIA 1703

AEROJET-GENZRAL CORPORATION Re STIFF

Pe O BOX 1947
TECHNICAL LIBRARY, BLDG 2015, DEPTs 241C

SACRAMENTOs CALIFORNIA 95809

AERONUTRONTC DIVISION ‘ —FRs Ne STERN
PHILCO CORPORATION

FORD RUAD
NEWPORT BEACH» CALIFORNIA 92663

AEROSPACE CORPORATION . MR« Me Je RUSSI

24U0 £AST EL SEGUNDU dUULLVHRD
Pe Os BOX 95085

LUS ARGELESs CALIFORNIA T0045
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AEROSPACE CURPORATION
2350 EAST EL SEGUNDO BLVD

ELSEGUNDUy CTALTF.
MRes HAROLD GREER

(X)

AIR RESEARCH MFGeCOs

9851 SEFULVEDA BLVD
LOS ANGELESs CALIFe 90045

MRe Co Se COE

ARTHUR De LITTLEs INCe

Ee KARL BASTRESS

20 ACORN PARK |
CAMBRIDGE» MASSACHUSETTS 02140

ASTROPOWER LABORATORY

DRe GEORGE MOC

MCDONNELL~DOUGLAS AIRCRAFT COes INGe
2121 PAULARINO

.DIRECTORs RESEARCH

NEWPORT BEACHs GALIFORNIA 92663

ASTROSYSTEMS INTERNATIONALs INCe
1275 BLOOMFIELD AVENUE

Ae MENDENHALL

FAIRFIELDs NEW JERSEY 07007

ATLANTIC RESEARCH CORPORATION
EDSALL ROAD AND SHIRLEY HIGHWAY

Ae SCURLOCK

ALEXANDRIAs VIRGINIA 24314

BEECH ATRCRAFT CORPORATICON

Js He RODGERS

BOULDER DIVISION
BOX 631

BOULDERs COLORADO 80302

BELL AEROSYSTEMS COMPANY
PeOe BOX 1

Je FLANAGAN

BUFFALOs NEW YORK 14240

BENDIX SYSTEMS DIVISION
BENDIX CORPORATION

JOHN M+ BRUEGER

3300 PLYMOUTH ROAD
ANN- ARBORs MICHIGAN 48105

BOEING COMPANY

Pe Os BOX 3707,
SEATTLEs WASHINGTON 98124

Je Do ALEXANDER

BROWN ENGINEERING COes MS=190 We Jeo TOMME
RESEARCH PARK .

HUNTSVILLEs ALABAMA 35807

MISSILE DIVISION JOHN GATES

CHRYSLER CORPORATION
Pe O BOX 2628

DETROIT, MICHIGAN 48231
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WRIGHT AERONAUTICAL DIVISION
CURTISS~WRIGHT CORPORATION

Ge KELLEY

WOOD-RIDGEs NEW JERSEY 07075

MISSILE AND SPACE SYSTEMS DIVISION
MCDONNELL=~DOUGLAS AIRCRAFT COes INCe

Re We HALLET
CHIEF ENGINEER

3000 OCEAN PARK BOULEVARD

-SANTA MONICAs CALIFe 90406

ADVANCED SPACE TECHs

AIRCRAFT MISSILES DIVISION

Je SoiKERR

FATRCHILD HILLER CORPORATION
HAGERSTOWNs MARYLAND 21740

GENERAL DYNAMICS

Ee«Rs PETERSON

CONVAIR DIVISION
5001 KEARNY VILLA ROAD

VePes RESEARCH AND ENGs

PeOe BOX 1628
SAN DIEGOs CALIFe 92112

MISSILE AND SPACE SYSTEMS CENTER

Fe MEZGER

GENERAL ELECTRIC COMPANY
VALLEY FORGE SPACE TECHNOLOGY CENTER

Pe«De BOX 8555
PHILADELPHIA, PA.

ADVANCED ENGINE + TECHNOLOGY DEPTe
GENERAL ELECTRIC COMPANY

De SUICHU

CIRCINNATLy OHIOD &5<415

I GRUMMAN AIRCRAFT ENGINEERING CORFPs

BETHPAGEs LONG ISLAND

JUOEFH WAVIN

NeEW YOURK 11714

HONEYWELLs INCe

MRe GORDON HARMS

AEROSPACE DIVe
2600 RIDGWAY RD

MINNEAPULL1Ss MINNe

1

HUGHES ATRCRAFT CU%
AEROSPACE GROUP

LeHs MEIER .
VePeAND DIVe MGRws

———CENTINECA AND TEACE STREETS™

CULVER CITYs CALIF,

RESEARCH AND DEVe DIVe

MRe Re Jo HANVILLE

1 WALTER KIDDE AND COMPANYs INCe
—AEROSPACE OPERATIONS-
567 MAIN STREET
e RELCEVITLESNEW JERSEY

DIRe OF RESEARCH ENGRs

j

LxNu—TEMCO—VUUGHT”t0RP0RATT0N”“"“‘—*“-*—G#REKNU—WHTSENHUNT*————

ASTRONAUTICS

Pe 0¢ BOX 5907
DALLASs TEXAS 75222




1

LOCKHEED MISSILES AND SPACE CO.

Yo Co LEE

T SURNY VALES CALTFORNTA 9%088

ATTN=TECANICAC INFORMATION CENTER
P«0Oe BOX 504

i

COCKAEED  PROPULSTON COMPANY
Pe O BOX 111

He Lo THACKWELL

REDLANDSs CALIFOUORNIA Y£3 174

THE MARQUARDT CORPORATION
16555 SATICOY STREET

WARREN P+ BOARDMANs JRe

VAN NUYoS sCALLFe P140Y

BALTIMORE DIVISION
MARTIN MARIETTA CORPORATION

JOHN CALATHES (3214)

BACTIMORES MARYLAND 21203

DENVER DIVIOIUN
MARTIN MARIETTA CORPORATION

Je De GOODLETTE (A-241)

Ae Jeo KULLAS

Pe Us BOX 179 ‘
DENVERs COLORADO 80201

OQRLANDO DIVISION

MRe Jeo FERM

MAKTIN MAKIETTA COURPe
BOX 5837

ORLANDOs FLORIDA

MCDONNELL AIRCRAFT CORPORATION

‘Pe Oe BOX 516

Re Ae HERZMARK

MUNICIPAL AIRPORT
STe LOUISy MISSOURI 63166

ROCKET RESEARCH CORPORATION

FOY MCCULLOUGHs JRo

520 SOUTH PORTLAND STREET
SEATTLEs WASHINGTON 98108

SPACE + INFORMATION SYSTEMS DIVISION

He STORMS

NORTH AMERICAN ROCKWELLSs INCe

12214 LAKEWOOD BLVD
DOWNEYs CALIFORNIA 90241

ROCKETDYNE (LIBRARY 586-306)

Ee Bs MONTEATH

NORTH AMERTCAN ROCKWELL)S INC,
6633 CANOGA AVENUE

CANOGA PARKs CALIF. 91304

NORTHROP SPACE LADORATURILES
3401 WEST BROADWAY

DRes WILLIAM HOWARD

HAWTHURNE » CALTFURNIA 904250

REACTION MOTORS DIVISION
THIOKOL CHEMICAL CORPORATION

ARTHUR SHERMAN
MRe ROBERT GERE

DENVILLEs NEW JERSEY 07832
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REPUBLIT AVIATION CORPORATION

FARMINGDALE LONG ISLANDs NEW YORK |

“DRe WILLTAM O-DONRELL

SPACE GENERAL CORPORATION

Ce Ee ROTH

9200 EAST FLATR AVERUE
EL MONTES, CALIEGRNIA 91734

STANFORD RESEARCH INSTITUTE

LIONEL DICKINSON

255 RAVENSWOOD AVENUE
MENLO PARKs CALIFORNIA 94025

TRW SYSTEMS

ONE SPACE PARK
REDONDQO BEACHs CALIFa 90278

MRs De LEE

TAPCO DIVISION

Pe Te ANGELL

TRWs INCORPORATED
23555 EUCLID AVENUE

CLEVELANDs OHIU 44117

THIOKOL CHEMICAL CORPORATION
HUNTSVILLE DIVISION

JOHN GOCDLOE

HUNTSVILLE s AUABAMA 35807

UNITED TECHNOLOGY CENTER Be ADELMAN
587 METHILDA AVENUE

Pe Ue BUX 358

SUNNYVALEs CALIFORNIA 94088

FLORIDA RESEARCH AND DEVELOPMENT ? ReJeo COAR

PRATT AND WHITNEY AIRCRAFT
UNITED AIRCRAFT CORPORATION

Pe Os BOX 2691
WEST PALM BEACH» FLORIDA 33402

VICKERS INC

BOX 302
TROYs - MICHIGAN

SUNSTRAND AVIATION

MRe Re We REYNOLDS

2421 11TH STREET
ROCKFORDy ILLINOIS 61101

HAMILTON STANDARD DIVISON
UNITED AIRCRAFT CORPs

MRe Re HATCH

WINDSOR LOCKSs CONNe 06098 'j'
 ASTRO-ELECTRONICS DIVISION :

Ye BRILL

RADIO CORPORATION OF AMERICA

PRINCETONs NEW JERSEY 08540 |

UNITED AIRCRAFT RESEARCH LABSe

DRe Ae KESTEN

e e

EAST HARTFORD» CORNN.

l»‘l




